Several studies have reported that adults with major depressive disorder have shorter telomere length and reduced hippocampal volumes. Moreover, studies of adult populations without major depressive disorder suggest a relationship between peripheral telomere length and hippocampal volume. However, the relationship of these findings in adolescents with major depressive disorder has yet to be explored. We examined whether adolescent major depressive disorder is associated with altered peripheral telomere length and hippocampal volume, and whether these measures relate to one another. In 54 unmedicated adolescents (13-18 years) with major depressive disorder and 63 well-matched healthy controls, telomere length was assessed from saliva using quantitative polymerase chain reaction methods, and bilateral hippocampal volumes were measured with magnetic resonance imaging. After adjusting for age and sex (and total brain volume in the hippocampal analysis), adolescents with major depressive disorder exhibited significantly shorter telomere length and significantly smaller right, but not left hippocampal volume. When corrected for age, sex, diagnostic group and total brain volume, telomere length was not significantly associated with left or right hippocampal volume, suggesting that these cellular and neural processes may be mechanistically distinct during adolescence. Our findings suggest that shortening of telomere length and reduction of hippocampal volume are already present in early-onset major depressive disorder and thus unlikely to be only a result of accumulated years of exposure to major depressive disorder.
INTRODUCTION
Major depressive disorder (MDD) and its associated peripheral and central effects is relatively understudied in adolescents, compared with adults, despite the fact that adolescence is a vulnerable period for depression onset. 1 The prevalence of MDD increases dramatically around puberty, 2 and the lifetime prevalence of depression in the United States among 13-18-year olds was recently estimated to be 14.3%. 3 MDD is now considered one of the largest contributors to the United States disease burden in terms of quantified mortality and disability, 4 and in 2010, depression symptoms were ranked as the second largest contributor worldwide to 'years lived with disabilities'. 5 So far, prevention and treatment strategies have not been successful in decreasing the prevalence of adolescent MDD. Potential biomarkers may elucidate risk factors and pathophysiological pathways and aid the development of more targeted and effective preventions and treatments, ideally before the recurrent course of depression is established and associated systemic effects have manifested.
Recently, telomere length (TL), which is considered to be a measure of human cellular aging, 6, 7 has received considerable attention as a possible biomarker in psychiatric illnesses, offering an explanation for why patients with MDD exhibit an increased risk of developing comorbid and aging-related diseases, 8 including diabetes, 9 dementia, 10 certain types of cancer 11 and cardiovascular diseases. 12 Telomeric DNA is comprised of tandem repeat DNA sequences that, together with associated proteins, forms the telomere that caps the chromosome end, providing protection from genome-destabilizing DNA damage responses. 13 Critical shortening of TL may result in cellular senescence or cell death, and mutations causing insufficient telomere maintenance result in a spectrum of diseases showing overlaps with diseases occurring with population aging.
14 TL is regarded as a measure of cellular aging in humans as it (a) progressively shortens with every cell division, unless acted upon by the telomere repair enzyme, telomerase; 15 (b) on average, decreases with advancing age in humans; 6 and (c) is correlated with current and future physical diseases associated with aging. 7 Several studies have examined whether accelerated cellular aging is present in depressed adults, yet findings remain inconsistent. Some studies find shorter TL of white blood cells of the peripheral circulation, such as leukocytes or peripheral blood mononuclear cells in MDD, 8, 16, 17 whereas other studies have not replicated these findings. [18] [19] [20] Shortening of TL has been reported to be proportional to the total lifetime exposure and duration of MDD, suggesting that accelerated telomere attrition reflects cumulative systemic effects of MDD. 17, [21] [22] [23] However,
another study did not find such a 'dose-response' relationship 24 and it was also absent in a late-life cohort study. 25 Furthermore, TL has been associated with lifestyle factors, for example, poor diet, smoking and decreased physical activity. 26 To date, it is uncertain whether telomere shortening is the result of chronic depressive illness, lifestyle factors, chromosomal risk factors for developing MDD or a combination of these factors.
In addition to TL shortening, a large body of literature suggests volumetric hippocampal reductions in adult MDD, [27] [28] [29] [30] but mixed results are also reported. 31, 32 The hippocampal volume (HV) reduction is especially evident in elderly or chronically-ill samples, 33 and smaller HV generally seem more apparent in patients suffering from prolonged and/or recurrent episodes of depression. 29, 34 To date, studies on HV in pediatric MDD show inconsistent findings (for a review see ref. 35) , reporting both HV reduction in the MDD samples [36] [37] [38] [39] and no HV differences between depressed youth and healthy controls (HCs). [40] [41] [42] However, non-depressed adolescents at high risk for depression also showed smaller HV compared with low-risk participants. 43 Thus, inconsistencies exist among and between studies in adults and adolescents, and discrepancies of HV differences associated with MDD, remain unresolved.
A series of recent studies has indicated an association between telomere length in both peripheral leukocytes and peripheral blood mononuclear cells and structural brain changes in the hippocampus in populations of adults without MDD 10, 44, 45 and the only study investigating the relationship between peripheral blood mononuclear cell TL and HV in depressed adults showed no correlation between them. 46 Whether the telomere shortening and the HV reduction seen in MDD are involved in driving pathophysiological processes of MDD is unclear, nor is it clear whether and how these processes are related. For example, peripheral TL may serve as a proxy for hippocampal TL and hippocampal TL shortening may be the underlying mechanism by which HV is reduced in MDD. As telomere shortening (in mice) may retard neuritogenesis even in adult mouse brain tissue, 47 and as newly generated neurons are hypersensitive to telomere damage, 48 we hypothesize that a potential shortening of TL in hippocampal neurons may disrupt or dampen plasticity and, over time, cause a reduction of HV. Alternatively, both shortened peripheral TL and reduced HV may be the result of a common mediating factor, such as oxidative stress. 49, 50 Many factors may thus potentially influence both the TL and HV in depressed populations, such as duration of illness, age of onset, number of recurrent episodes, ongoing or previous medication, psychiatric comorbidity and lifestyle factors. 51 Studying early onset of MDD allows most of these potential confounders to be minimized. Investigations of the association between peripheral TL and changes of HV, especially early in the disease progression, may help further elucidate the pathophysiological pathways of early MDD and could potentially identify new treatment targets.
In this study, TL of saliva sample cells and HV are compared between adolescent MDD and HC with the following aims: (a) to investigate whether depressed unmedicated adolescents show shorter salivary TL as compared with well-matched HC, (b) to determine whether adolescent MDD is associated with reduced HV relative to HC and (c) to examine the relationship between peripheral TL and HV in adolescent MDD. The question of whether there is an association between TL and HV in MDD has never been examined in adolescents, and based on studies of adults there is rationale for expecting both a positive association between TL and HV as well as no such association. One previous study on adult MDD 46 showed that shorter TL was not related to reduced HV, but such a relationship has been shown in other types of samples. 10, 44, 45 
MATERIALS AND METHODS Participants
A total sample of 117 participants (age range 13-18 years) was selected from a larger ongoing study at the University of California, San Diego. 52, 53 HC adolescents were recruited from the San Diego area through posted flyers, email and the Internet. MDD adolescents were recruited from 35 adolescent psychiatric clinics dispersed through the San Diego County area. After application of the exclusion criteria (see Supplementary Information), the data from 54 adolescents with a Diagnostic and Statistical Manual of Mental Disorders, fourth edition diagnosis of MDD established by the Schedule for Affective Disorders and Schizophrenia for School-Age Children-Present and Lifetime Version 54 and 63 well-matched HCs were used in the statistical analyses. In all the participants, depression severity was clinically assessed with the Children's Depression Rating Scale-Revised (CDRS-R) 55 and self-assessment scales (see Supplementary Information) at the time of magnetic resonance imaging (MRI) scanning. Saliva samples were also collected at the time of MRI scanning. Early adversity was assessed by retroactive self-report using the Childhood Trauma Questionnaire, 56 and collected later in the study, to test the hypothesis that childhood trauma may be related to TL shortening, HV reduction and adolescent depression. 57, 58 For a complete description of the assessments, see Supplementary Information. The institutional review boards of the University of California, San Diego and University of California, San Francisco, Rady Children's Hospital and the County of San Diego approved this study. Participants and their parents/legal guardians provided written informed assent and consent, respectively. Participants received monetary compensation for their time.
Telomere length measurement Genomic DNA was purified from 500 μl of saliva collected in an Oragene DNA kit (DNA Genotek, Kanata, Ontario, Canada) with the DNA Agencourt DNAdvance kit (cat #A48705, Beckman Coulter Genomics, Brea, CA, USA) according to the instruction of the manufacturer. DNA was quantified by Quant-iT PicoGreen dsDNA Assay Kit (cat #P7589, Life Technologies, Grand Island, NY, USA) and run on 0.8% agarose gels for integrity check. Degraded DNA samples were excluded from TL analysis. The quantitative PCR TL measurement assay was adapted from the original method, 59 and was performed by the Blackburn Lab at the Department of Biochemistry and Biophysics at University of California, San Francisco, and is described in detail elsewhere. 60 The personnel who performed the assay received deidentified samples and were blind to all other measurements. For a more detailed description of the procedure, see Supplementary Information.
Image data acquisition and preprocessing
All the MRI data were acquired on a 3 T MR750 GE scanner (GE Healthcare, Milwaukee, WI, USA) at the University of California, San Diego Center for functional MRI. A fast-spoiled gradient-recalled echo sequence was used to collect T1-weighted images: TR = 8.1 ms, TE = 3.17ms, TI = 450ms, flip angle = 12°, 256 × 256 matrix, FOV = 250 × 250 mm, 168 sagittal slices with a voxel size of 0.98 × 0.98 × 1 mm. Data were preprocessed and analyzed with AFNI 61 and FSL. 62 AFNI 61 was only used to remove non-brain tissue. The resultant images were segmented into gray and white matter, and cerebrospinal fluid using FAST. 63 Total brain volume (TBV) was calculated from the gray and white matter segments. Bilateral HVs were estimated with FSL-FIRST. 64 FSL version 5.0.8 was used to analyze all the participants, and all the segmentations were visually inspected.
Statistical analysis
Statistical analyses were performed using R. 65 Between-group comparisons of the demographic variables were conducted by Welch t-tests, χ 2 tests and Wilcoxon rank-sum tests. To investigate between-group differences in TL, we conducted an analysis of covariance with diagnostic group (MDD, HC) as a between-subjects factor and sex and age (in years) as withinsubjects factors. Analysis of HV (left and right separately) was conducted similarly, insofar as we used analyses of covariance with group as betweensubjects and age and sex as within-subject factors. TBV was also included in these models to account for inter-individual differences in brain volume. 66 Examination of TBV between groups was performed as for the TL analysis with an additional model investigating the interaction of group and age on TBV. To investigate the association of HV and peripheral TL, a linear regression model was computed with HV (left, right separately) as the dependent variable and TL, age, sex, diagnostic group (for across Telomeres and hippocampus in teenage depression E Henje Blom et al group analysis), and TBV as predictors. Finally, linear regressions were conducted to examine associations between demographic (age) and clinical characteristics (CDRS-R, CTQ) on both TL and HV. This was performed separately within MDDs and HCs and HV regressions were controlled for TBV. Analyses of covariance and linear regressions for TL and TBV were considered significant at Po0.05. The analyses of HVs were Bonferroni corrected for two hemispheres and were consequently considered significant at Po0.025. Personnel performing these analyses were not blind to participant grouping.
RESULTS

Sample characteristics
The mean age of our total sample was 15.8 years (s.d. = 1.32 years, range 13.1-18.1 years), consisting of 54.7% of females. The groups did not differ significantly in age, sex, pubertal status and socioeconomic status (all P40.05), and no left-handed persons were included in the sample. For a detailed description of these assessments, see Supplementary Information Comorbid psychiatric disorders were assessed during the KSAD-PL interview, a diagnostic interview the MDD participants had to undergo to confirm a primary diagnosis of MDD, and, therefore, eligibility for the current study. For a detailed description of current comorbidities in our MDD sample, see Table 1 . To investigate the effect of the number of comorbidities on TL and HV, we conducted analyses of variance with the number of comorbidities (0, 1, 2+) as a between-subjects factor (and total brain volume as a withinsubject factor in case of the hippocampal volume analyses), but found no effect of the number of comorbidities on either TL or HV in the MDDs (all P40.4). See Supplementary Information for more details. As anticipated, MDD subjects reported higher levels of depression (CDRS-R) and childhood trauma (CTQ) than the HCs (both P o0.001; see Table 1 ).
Telomere length Significantly shorter salivary TL was observed in the depressed subjects compared with HCs (mean T/S ratio ± s. The KSADS-PL of four MDD subjects were mislaid after the initial diagnosis. Consequently, no comorbidity information is available on those subjects.
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Relationship between HV and TL We examined the association between HV (left and right separately) and TL across groups and found that TL did not significantly predict the left (β = − 24.4, t (111) = − 0.18, P40.86) or right HV (β = 53, t (111) = − 0.44, P40.66), when correcting for age, sex, diagnostic group and TBV. Separate within-group analyses did not detect any significant relationship between HV and TL (all P40.08). Additional models not adjusting for covariates also did not reveal any significant associations between TL and HV (see Supplementary Information).
DISCUSSION
To our knowledge, this is the first study to examine peripheral TL and HV in adolescent depression. The study yielded three main findings: first, peripheral TL was significantly shorter in adolescents with MDD compared with HCs. Second, MDD subjects had reduced right, but not left, HV compared with HC. Finally, no significant associations between TL and HV, within or across groups, were found.
The first finding provides evidence that shorter salivary TL is present in a sample of adolescents diagnosed with MDD as compared with HC. As the depressed adolescents were not receiving any psychotropic medication, our observation of TL shortening, in the MDD group, suggests that shortened telomeres may be a marker that is associated with adolescent onset MDD and not solely result from extended MDD exposure or the cumulative effect of MDD, as previously suggested in adult samples. 22, 23 Importantly, even though the adolescents may have had limited exposure to lifestyle factors associated with cellular aging as compared with older samples, the shorter TL in our depressed sample may still be related to lifestyle or other life factors. The lack of an association between depression severity scores and TL in our sample also supports the notion that TL shortening may either be a part of depression etiology, or else reflective of other damaging factors that are part of its etiology or both. Interestingly, non-depressed girls with depressed mothers, that is, girls at high risk for developing MDD also show shorter salivary TL compared with age-matched low-risk girls. 60 These findings could be explained by a possible genetic effect on TL and/or increased exposure to factors that could influence TL even before the onset of MDD, such as maternal stress during pregnancy 67 and early-life stress in the MDD group. 60 The present study, however, found no significant correlations between either TL or HV and childhood trauma.
The second finding of decreased right, although not left, HV in adolescent MDD is consistent with the consensus of reduced HV in adult MDD [27] [28] [29] and what is generally reported in adolescent MDD, (for a review, see ref. 35 ). Analogous to our TL results, this suggests that the hippocampus may be negatively affected early in the course of MDD. Furthermore, HV volume changes may also be involved in the etiology of the disorder and not only after extended duration and/or recurrent episodes of depression as has previously 27,29,68,69 but not consistently 31, 70 been reported. Consistent with our results, some studies show HV reductions in adolescents at risk of developing MDD even before clinical Adolescents with MDD exhibited significantly shorter age-and sexadjusted telomere length than HCs, F (1,113) = 6.59, *P = 0.01. manifestation of the disease. 37, 38 Recent findings show associations between hippocampal volume abnormalities and several mechanisms involved in stress-related disorders and MDD, such as the messenger RNA expression of glucocorticoid inducible genes, 71 glucocorticoid receptor methylation, 72 genetic polymorphisms associated with variation in pro-inflammatory cytokine levels 73 and increased oxidative stress. 49 The asymmetrical right-sided HV reduction found in our MDD sample was present independent of age and sex. Previous literature on adolescents at risk for MDD and adults with MDD report inconsistent findings with regard to the lateralization of hippocampal volume reductions with both left-sided, 36 rightsided 36 and bilateral volume reductions. 37, 38 Furthermore, hippocampus asymmetries are also prevalent in the normal population independent of MDD and the neurodevelopmental processes; other possible mechanisms and clinical implications of these asymmetries are unknown. 74 More research into the causes and implications of lateralization of structural changes in the hippocampus is warranted in general and in MDD in particular.
The third finding showed a lack of an association between TL and HV, replicating the one similar study performed in adults. This may suggest that these cellular and neural features may be mechanistically distinct, a least in this age group. The relationship between peripheral TL and HV has only been previously investigated in one small study with an MDD population wherein leukocyte TL was found to be unrelated to HV in both MDD and HC. 46 Interestingly, TL has been linked to variance in HV in the general population, 75 in early-stage dementia 10 and in adolescents with early-childhood stress. 76 In addition, experimental studies have shown that oxidative stress is associated with telomere shortness in the periphery, and associated with reduced neurogenesis and increased neuronal death in the hippocampus. 77 Several, but not all, studies of MDD report high levels of peripheral markers of oxidative stress, (for a review, see ref. 78) . Peripheral blood circulation cell telomerase activity, rather than TL, was recently found to be positively correlated with HV in adult MDD 79 but not in HC, suggesting that decreased telomerase activity, which is a cellular enzyme compensating for the loss of telomeric repeats and preserving TL 13, 20 may thus be more directly related to HV reduction than TL itself, at least regarding peripheral TL and telomerase measures.
Our relatively large sample size lends confidence to our findings and a major strength of this study is the reduction of confounding factors on TL and HV, such as psychotropic medications. Nevertheless, our study is not without limitations. First, the relatively young age range of our MDD sample limited the possible duration of MDD as compared with adult samples, but unfortunately, we lack more precise data on the age of onset or the duration of depression in our samples. Second, the design was cross-sectional in nature, yet the cellular and neural outcomes associated with MDD are likely to be influenced by neurodevelopment. Third, telomerase cannot be analyzed from salivary samples; therefore, the previously described relationship between telomerase activity in peripheral blood mononuclear cells such as leukocytes and HV could not be validated. Saliva contains both epithelial cells and leukocytes, which are not possible to separate in our analysis but known to be highly correlated, suggesting systematic effects of TL regulation. 80 Therefore, the use of saliva as the source of DNA for TL measurement is justified. TL in human tissues generally shows significant correlations within individuals, 81 even though human postmortem investigations shows no strong correlations between TL in peripheral leukocytes and other tissues including brain tissue. 82 It is not fully known how the TL in peripheral cells relates to TL in the hippocampal neurons. However, shorter hippocampal telomere length has been found in well-defined depression models of rats. 83 Certain limitations arise from our choice of FSL-FIRST to perform subcortical segmentation. Although Freesurfer 84 estimates of HV have been shown to have higher correlation with the volumes derived from manual segmentations, 85 Freesurfer tends to overestimate HV in younger age groups compared with manual segmentations. 86 In addition, although the data set used to train FSL-FIRST to perform automated segmentation consisted of a large sample (n = 336) with a wide age range (4.2-87 years) of controls and participants with different pathophysiologies, 64 we cannot rule out the presence of a systematic bias attributable to the mismatch between the sample used in the present study and that used to train FSL-FIRST.
Finally, the original study was not designed to assess early adversity and the CTQ was therefore added later in the study. Consequently, CTQ data were not available from the full samples (see Table 1 ), which reduced our power to detect associations. Although significantly higher CTQ scores were found in the MDD sample compared with the HC, no associations were found between CTQ-score and TL or HV within the MDD sample. Our finding does not support the hypothesis that TL and HV alterations observed in adolescent MDD are explained by childhood trauma alone, but rather suggests that MDD may influence these outcomes.
To fully capture how TL and HV changes relate to MDD pathophysiology and disease progression, future studies with prospective longitudinal designs are needed, ideally combining MRI with assessments of clinical data including adverse childhood experiences, putative biochemical mediators of TL shortening and/or HV diminution, for example, oxidative stress, systemic inflammation and telomerase activity.
In conclusion, this is the first study to reveal shorter salivary TL in adolescent MDD, despite their relatively short illness history and limited exposure to lifestyle factors associated with cellular aging. This novel finding supports the notion that telomere shortening is not only associated with chronic depressive illness, but present early in the course of MDD, possibly representing a genetic and/or acquired risk factor for MDD development. We also show that the right HV is reduced in early-onset MDD. This suggests that HV reduction is present before MDD or that the hippocampus may be negatively affected early in disease progression and not only after recurrent and/or elongated periods of depression. The absence of a significant relationship between peripheral TL and HV in our sample suggests that these cellular and neural outcomes associated with MDD may be mechanistically distinct, at least during adolescence. Given that this association may be different in other age groups, further exploration is warranted.
